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ABSTRACT 

The aim of this study was to assess niraparib (MK-4827), a novel poly(ADP- 
Ribose) polymerase (PARP) inhibitor, for its ability to radiosensitize human tumor 
cells. Human tumor cells derived from lung, breast and prostate cancers were tested 
for radiosensitization by niraparib using clonogenic survival assays. Both p53 wild- 
type and p53-defective lines were included. The ability of niraparib to alter the 
repair of radiation-induced DNA double strand breaks (DSBs) was determined using 
detection of y-H^AX foci and RAD51 foci. Clonogenic survival analyses indicated that 
micromolar concentrations of niraparib radiosensitized tumor cell lines derived from 
lung, breast, and prostate cancers independently of their p53 status but not cell 
lines derived from normal tissues. Niraparib also sensitized tumor cells to H^O^ and 
converted H^O^-induced single strand breaks (SSBs) into DSBs during DNA replication. 
These results indicate that human tumor cells are significantly radiosensitized by the 
potent and selective PARP-1 inhibitor, niraparib, in the in vitro setting. The mechanism 
of this effect appears to involve a conversion of sublethal SSBs into lethal DSBs 
during DNA replication due to the inhibition of base excision repair by the drug. 
Taken together, our findings strongly support the clinical evaluation of niraparib in 
combination with radiation. 



INTRODUCTION 

There is increasing interest in combining 
molecularly targeted agents with conventional 
therapeutics, including chemotherapy drugs and ionizing 
radiation, for the treatment of human cancer [1]. Based 
on the fact that the cytotoxicity of radiation and many 
such drugs is due to the induction of damage to DNA, 
a promising strategy for enhancing the effectiveness of 
these treatments is to inhibit the pathways for repairing 
these DNA lesions [2]. Thus, there has been a concerted 
effort to develop molecularly targeted agents that 
specifically inhibit DNA repair processes. In the case of 
ionizing radiation, the principal DNA lesions are single 
strand breaks (SSBs) and double strand breaks (DSBs) 



[3]. Although DSBs are considered to be the main lethal 
lesions [4], SSBs can also contribute to lethality if 
their repair is compromised thereby causing them to be 
converted to DSBs. SSBs are repaired by the base excision 
repair (BER) pathway [5] and DSBs are repaired through 
2 pathways, the non-homologous end joining (NHEJ) and 
the homologous recombination repair (HRR) pathways [4, 
6]. 

These DNA repair pathways are generally very 
complex and are comprised of the activities of many 
different proteins. Thus, many targets can be identified for 
inhibition that would suppress DNA repair and lead to the 
increased cytotoxicity of DNA-damaging chemotherapy 
drugs and radiation. However, in spite of this abundance 
of potential targets, one DNA repair protein in particular. 
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poly(ADP-ribose) polymerase 1 (PARP-1), has received 
considerable attention. Several phamaceutical companies 
have developed novel PAR? inhibitors and initiated clinical 
trials with these agents either alone or in combination with 
DNA-damaging drugs such as cisplatin [7-9]. PARP-1 is 
a member of a family of 1 8 such proteins of which only 
PARP- 1 and 2 are known to bind to DNA and flinction 
in DNA repair [10, 11]. Essential to its activity, PARP-1 
has an N-terminal DNA binding domain that enables it to 
bind to SSBs and DSBs [12]. Following DNA binding, 
PARP- 1 's enzymatic activity is triggered and it functions 
to add poly(ADP-ribose) polymers to histones and other 
proteins including itself [10]. This in turn facilitates the 
recruitment of DNA repair proteins to the site of the DNA 
lesions. PARP-1 is essential for the repair of SSBs by the 
BER pathway where it enables the recruitment of proteins 
key to BER such as DNA polymerase P and XRCCl [13, 
14]. Thus, inhibition of PARP-1 can sensitize tumor cells 
to classes of DNA damaging drugs that induce lesions 
subject to the BER repair pathway such as temozolomide, 
cyclophosphamide, camptothecin, etc. [15-17]. PARP-1 is 
also known to function in DSB repair where it mediates 
the recruitment of MREl 1 and NBS, proteins key to the 
DSB repair pathways, NHEJ and HRR [18]. Therefore, 
PARP-1 inhibitors potentially radiosensitize tumor cells 
via 2 independent mechanisms; 1) inhibition of SSB repair 
could lead to the ultimate conversion of SSBs to DSBs 
when DNA replication is attempted past unrepaired SSBs 
during S phase and 2) the prolongation of unrepaired 
DSBs when DSB repair is inhibited. 

The important role of PARP in radioresponse and the 
efficacy of PARP inhibitors as radiosensitizers have been 
investigated for more than 30 years. Indeed, the depletion 
of cellular NAD, the substrate for ADP-ribose polymers, 
in irradiated cells and whole animals was initially 
demonstrated in the 1950s before the enzyme PARP was 
even discovered in the early 1960s [19]. The first known 
PARP inhibitors, nicotinamide and 3-aminobenzamide 
(3-AB) and their derivatives, were subsequently shown 
to suppress NAD depletion in irradiated cells leading to 
an enhancement of the cytotoxic effects of radiation and 
this earlier work has been reviewed previously [19, 20]. 
Zwelling et al. used the technique of alkaline elution to 
show that 3-AB suppressed the repair of radiation-induced 
SSBs [21] and our laboratory used this method to show 
repair of H^O^-induced SSBs were repaired more slowly in 
the presence of 3-AB correlating with an enhanced H^O, 
cytotoxicity by 3-AB [22]. 

Due to its lack of potency and specificity, 3-AB 
is not clinically useful. Therefore, a number of third- 
generation PARP inhibitors, some derived from the 3-AB 
structure, have been developed in recent years and tested 
in pre-clinical and clinical studies including olaparib from 
AstraZeneca, veliparib (ABT-888) from Abbot, INO- 
1001 from Inotek, AGO 14699 from Pfizer, and niraparib 
(formally known as MK-4827) from Merck [23]. All 



of these agents are in phase I or phase II clinical trials 
for various solid tumors either alone or in combination 
with conventional chemotherapy drugs such as cisplatin 
[7, 8]. Olaparib [24], INO-1001 [25], ABT-888 [25, 26], 
and AG014361 [15] have all been shown previously 
in preclinical investigations to radiosensitize various 
human cell lines in vitro. Here, we report the results of 
our tests of the PARP-1 inhibitor, niraparib, for its ability 
to radiosensitize non-small cell lung cancer (NSCLC), 
breast cancer and prostate cancer cell lines treated in 
vitro. Our results demonstrate that niraparib has potent 
radiosensitizing properties that correlate with its ability to 
inhibit DNA repair processes. 

RESULTS 

Niraparib radiosensitizes human tumor cells in a 
p53-independent manner. 

We assessed the ability of niraparib to radiosensitize 
human tumor cells using clonogenic survival curve assays. 
Various cell lines were tested including lines derived from 
non-small cell lung cancer (NSCLC), breast cancer, and 
prostate cancer. The p53 status of all of these lines had 
been previously established. The optimal concentration 
of niraparib and sequence of administration relative to 
irradiation were validated in preliminary, pilot studies 
using the NSCLC lines A549 and H1299. We determined 
that 24 h treatments with 1 |a.mol/L prior to irradiation 
were only modestly effective. In a detailed test of various 
treatment sequences using A549 cells, we found that 
the optimum sequence consisted of a 1 h pre-treatment 
followed by a 24 h post-irradiation treatment (Fig. lA) 
and this treatment strategy was used unless otherwise 
noted. To validate that niraparib inhibited PARP in these 
cell lines, we treated A549 and H1299 cells with 1 |imol/L 
niraparib for various times and measured PARP enzymatic 
activity using a chemiluminescent assay. The results 
shown in Fig. IB show that this concentration of niraparib 
inhibits PARP within 15 minutes of treatment reaching 
about 85% inhibition in the A549 cells at 1 h and about 
55% inhibition at 1 h for the HI 299 cells. 

Complete clonogenic survival curves for the 4 
NSCLC lines examined consisting of two with wild-type 
p53, A549 and H460, and two that are null for p53, H1299 
and Calu-6, were generated (Fig. 2). A549, H1299, Calu- 
6 and H460 cells were radiosensitized independently of 
their p53 status. The breast cancer lines and the prostate 
cancer line were also effectively radiosensitized by 
niraparib (Fig. 3). The degree of radiosensitization was 
quantified from the survival curves in two different ways; 
by comparing the surviving fractions at the radiation doses 
of 2 and 4 Gy (SF2 and SF4) and by calculating the dose 
enhancement factor (DEF), i.e. the ratio of radiation doses 
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to achieve a given survival level. The DEF values for all 
of the cell lines examined are provided in Table 1 . All of 
the tumor cell lines examined displayed some degree of 
radiosensitization by niraparib independently of their p53 
status and many had substantial and significant changes in 
SF2 and SF4 values. For example, for A549 cells, SF4 was 
reduced from 0.35 ± 0.07% in the control to 0. 1 9 ± 0.03% 
(p=0.002) by niraparib. 

Niraparib at the concentration of 1 |a,mol/L was 
slightly toxic to these cell lines, typically lowering PE 
by about 20%. For example, for the two cell lines used 
in subsequent experiments, the PE for A549 cells was 
reduced from 80.3 ± 3.8%) in controls to 61.2 ± 14.3% 
in niraparib treated cells and in H1299 cells PE was 
reduced from 86.5 ± 2.3% to 65.8 ± 11% by niraparib. 
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Table 1: The DEF values calculated from the 
survival curves shown in Figures 2 and 3 for the p53 
defective and p53 wild-type cell lines. 



p53 wild- type 
cell lines 


DEF 


p53 defective cell 
lines 


DEF 


A549 


1.32 


H1299 


1.34 


H460 


1.42 


MDA-MB-231 


1.36 


MCF-lOA 


1.10 


Calu-6 


1.61 


LnCap 


1.43 


MDA-MB-436 


1.25 


CCD- 16 


1.00 







These effects were typical for the other tumor cell lines 
tested, independently of their p53 status and none of these 
reductions in PE reached statistical significance with 
the exception of the BRCAl -defective cell line, MDA- 
MB-436 [27], where PE was reduced by niraparib from 
11.5 ± 1.1% to 2.5 ± 0.9% (p=0.004). Additionally, for 
the two cell lines derived from normal tissues, CCD- 16 
(normal lung fibroblasts) and MCF-lOA (normal breast 
epithelial cells); PE was not affected by niraparib in these 
cell lines. Moreover, these two lines were only slightly 
radiosensitized by niraparib in the case of the MCF-lOA 
line or not radiosensitized in the case of the CCD- 16 cells 
(Fig. 3 and Table 1). 
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Fig 1: Test of optimal in vitro sequencing of niraparib 
and radiation and time course of inhibition. A. A549 
cells were treated with different sequencing protocols combining 
1 nmol/L of niraparib (MK) and 4 Gy of radiation. Following 
the treatments, the cells were plated for clonogenic survival. 1 . 
unirradiated control; 2. 4 Gy; 3. MK (1 h) + 4 Gy + MK (24 h); 
4. MK (1 h) + 4 Gy + MK (1 h) + no drug (23 h); 5. MK (1 h) + 
4 Gy + no drug (24 h); 6. 4 Gy + no drug (1 h) + MK (23 h); 7. 
4 Gy + MK (24 h). B. A549 and HI 299 cells were treated with 
1 jimol/L of MK and samples were collected as a function of 
time and analyzed for PARP inhibition using the HT Universal 
Chemiluminescent PARP Assay Kit. The results shown represent 
the average of 3 or more independent determinations. EiTor bars 
represent the standard error 
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Fig 2: Niraparib radiosensitizes NSCLC cells in a 
p53-independent manner. Clonogenic survival curves for 
A549 and H460 (both p53 wild-type) and H1299 and Calu-6 
(both p53-defective) cells were treated or not with 1 [xmol/L of 
niraparib for 1 h prior to irradiation followed by an additional 
24 h post-irradiation incubation in niraparib containing 
medium. The results shown represent the average of 3 or more 
independent determinations. Error bars are shown when larger 
than the symbol plotted and represent the standard error * 
indicates p<0.05. 
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Niraparib alters the kinetics of radiation-induced 
DSBs and their repair. 

Radiation induces both SSBs and DSBs but the 
DSBs are considered the principal lethal lesions [4]. 
Thus, we tested whether the radiosensitization of NSCLC 
cells by niraparib involved an alteration in the repair of 
radiation-induced DSBs. A549 and H 1299 cells were pre- 
treated or not for 1 h with niraparib and then irradiated 
with 2 Gy. Samples were collected as a fiinction of time 
following irradiation and analyzed for the presence of 
y-H2AX foci to detect DSBs. The results, shown in Fig. 
4A, indicate that radiation-induced DSBs were prolonged 
by niraparib in A549 and H1299 cells as a function of time 
after treatment generally correlating with the ability of 
niraparib to radiosensitize these lines (Fig. 1). The kinetics 
of this effect were different in the 2 cell lines where the 
enhancement was evident at early times after irradiation 
for the A549 cells and for later times for the H1299 cells. 
It was not possible from this experiment to distinguish 
whether niraparib enhanced DSBs by altering, following 
irradiation, their further production or by suppressing their 
repair. 

Although PARP inhibitors can inhibit DSB repair, 
they can also induce the conversion of SSBs to DSBs 
during DNA replication by inhibiting BER. To ascertain 
the possible contribution of this later mechanism, we 
repeated the assessment of Y-H2AX foci in irradiated A5 49 
cells in the presence or absence of 2 [.imol^L aphidicolin 
to inhibit DNA replication. A549 cells were treated for 1 h 
with niraparib or not and then irradiated with 2 Gy. Cells 
were harvested after 1 h of additional incubation with or 
without niraparib. Aphidicolin was added or not during the 
1 -h post-irradiation incubation period. The results show 
that niraparib treatment alone enhances DSBs detected as 
Y-H2AX foci 1 h after irradiation (Fig. 4B) similar to what 
was seen before (Fig. 4A). However, when aphidicolin was 
added during the 1-h post-irradiation incubation period, 
the ability of niraparib to enhance radiation-induced DSBs 
was suppressed to levels comparable to radiation alone 
suggesting that the enhancement of radiation-induced 
DSBs by niraparib is primarily due to a conversion 
of SSBs to DSBs during DNA replication through its 
ability to inhibit BER. Representative photomicrographs 
illustrating y-H2AX foci for some of these treatments are 
presented in Figure 4C. We also examined the induction 
of RAD5 1 foci in an experiment comparable to that for 
the Y-H2AX foci. RAD5 1 has been identified as a marker 
for DSBs undergoing HRR and, specifically, for HRR- 
mediated repair of DSBs resulting from replication forks 
stalled at unrepaired SSBs [4, 28, 29]. The results (Fig. 
4D) show that radiation alone induces some RAD5 1 foci 
and that these are enhanced by niraparib. Aphidicolin 
substantially suppressed the ability of niraparib to enhance 
radiation-induced RAD51 foci. It also suppressed RAD51 
foci levels induced by radiation alone suggesting that a 



small proportion of DSBs induced by radiation result from 
the conversion of SSBs to DSBs at stalled replication 
forks. Representative photomicrographs illustrating 
RAD51 foci for some of these treatments are presented in 
Figure S 1 . We also assessed whether aphidicolin altered 
niraparib's radiosensitization of clonogenic survival. The 
results shown in Fig. 4E show that while aphidicolin did 
not alter the radiosensitivity of A549 cells in the absence 
of niraparib treatment, it did completely abrogate the 
radiosensitization effect of niraparib. 

Niraparib converts H^O^-induced SSBs to DSBs 
during DNA replication. 

To further test niraparib's ability to inhibit BER 
and convert SSBs to DSBs during DNA replication, we 
used H^O^ to induce essentially pure SSBs. Thus, A549 
cells were treated with niraparib or not for 1 h and then 
exposed to H^O^ for 15 min at 37 degrees. Following H^Oj 
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Fig 3: Niraparib radiosensitizes human prostate and 
breast cancer cells but does not radiosensitize human 
cells derived from normal tissues. Clonogenic survival 
curves for MDA-MB-23 1 , LnCaP, MDA-MB-436, CCD-16, and 
MCF-lOA cells were treated or not with 1 |j,mol/L of niraparib 
for 1 h prior to irradiation followed by an additional 24 h post- 
irradiation incubation in niraparib containing medium. The 
results shown represent the average of 3 or more independent 
determinations. Error bars are shown when larger than the 
symbol plotted and represent the standard error * indicates 
;7<0.05. 
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treatment, cells were incubated for 30 min in the presence 
or absence of aphidicolin to inhibit DNA replication 
and analyzed for the formation of DSBs on the basis of 



y-H2AX foci. The results are shown in Fig. 5A where 
it can be seen that whereas H^O^ is capable of inducing 
some foci, niraparib sensitizes A549 cells to H^Oj-induced 
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Fig. 4. Niraparib enliances the presence of radiation-induced DSBs in A549 and H1299 cells by converting SSBs to DSBs during 
DNA replication. A. A549 and HI 299 cells were treated or not with 1 |j.mol/L of niraparib (MK) for 1 h prior to irradiation with 2 Gy. 
Samples were then incubated for various times after irradiation and analyzed for DSBs on the basis of y-H2AX foci as detected by 
immunofluorescence. 1. Untreated control; 2. MK for 24 h; 3. 2 Gy alone analyzed 1 h after irradiation; 4. MK for 1 h prior to 2 Gy 
irradiation and analyzed 1 h after irradiation; 5, 2 Gy analyzed 4 h after irradiation; 6. MK for 1 h prior to 2 Gy irradiation and analyzed 4 h 
after irradiation; 7. 2 Gy analyzed 24 h after irradiation; 8. MK for 1 h prior to 2 Gy irradiation and analyzed 24 h after irradiation. MK was 
present during the post-irradiation incubations where indicated. B. Aphidicolin suppresses niraparib's ability to enhance radiation-induced 
DSBs. A549 cells were treated or not with 1 |j,mol/L of MK for 1 h prior to irradiation with 2 Gy. Samples were then incubated for various 
times after irradiation and analyzed for DSBs on the basis of y-H2AX foci as detected by immunofluorescence. Aphidicolin (2 |j,mol/L) was 
added to some samples following irradiation to suppress the conversion of SSBs to DSBs during DNA replication. 1. Untreated control; 2. 
MK alone; 3. 2 Gy alone analyzed 1 h after irradiation; 4. MK for 1 h prior to irradiation and analyzed 1 h after irradiation; 5. aphidicolin 
alone; 6. 2 Gy analyzed 1 h after irradiation plus aphidicolin; 7. MK for 1 h prior to irradiation and analyzed 1 h after irradiation plus 
aphidicolin. MK was present during the post-irradiation incubations where indicated. C. Representative photomicrographs of y-H2AX foci 
for key samples for Fig. 4B. a. unirradated control; b. 2 Gy; c. 2 Gy + MK; d. 2 Gy + MK + aphidicolon. Bar is 10 microns. D. Aphidicolin 
suppresses niraparib's ability to enhance radiation-induced DSBs detected as RAD51 foci. A549 cells were treated or not with 1 |imol/L 
of MK for 1 h prior to irradiation with 5 Gy. Samples were then incubated for various times after irradiation and analyzed for DSBs on 
the basis of RAD5 1 foci as detected by immunofluorescence. Aphidicolin (2 |j,mol/L) was added to some samples following irradiation 
to suppress the conversion of SSBs to DSBs during DNA replication. 1. Untreated control; 2. MK alone; 3. Aphidicolin alone; 4. MK 
+ aphidicolin; 5. 5 Gy alone analyzed 4 h after irradiation; 6. MK for 1 h prior to irradiation and analyzed 4 h after irradiation; 7. 5 Gy 
analyzed 4 h after irradiation plus aphidicolin; 8. MK for 1 h prior to irradiation and analyzed 4 h after irradiation plus aphidicolin. MK 
was present during the post- irradiation incubations where indicated. E. Aphidicolin suppresses niraparib's radiosensitization of clonogenic 
survival. A549 cells were treated with 1 |j,mol/L of niraparib (MK) for 1 h prior to irradiation with 4 Gy. Aphidicolin was added to some 
samples following irradiation for 2 h prior to plating for clonogenic survival. 1. 4 Gy alone; 2. 4 Gy plus aphidicolin; 3. MK for 1 h prior 
to and 2 h post-irradiation; 4. MK for 1 h prior to 4 Gy plus aphidicolin. The results shown represent the average of 3 or more independent 
determinations. Error bars are shown when larger than the symbol plotted and represent the standard error * indicates p<0.05. 
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Y-H2AX foci. Aphidicolin abrogated the ability of H202 
alone to induce Y-H2AX foci and greatly suppressed the 
ability of niraparib to enhance H^O^-induced Y-H2AX 
foci suggesting that H^O^ does induce lesions consistent 
with DSBs due to some conversion of SSBs to DSBs 
during DNA replication. Inhibition of BER by niraparib 
augments this effect as expected and aphidicolin blocks 
this effect. We also examined the induction of RAD51 foci 
in a comparable experiment. As mentioned above, RAD5 1 
has been identified as a marker for DSBs undergoing HRR 
and, thus, we also examined the induction of RAD5 1 
foci by H^Oj. The results (Fig. 5B) show that H^O^ alone 
induces some RAD5 1 foci and that these are enhanced by 
niraparib. Aphidicolin substantially suppressed the ability 
of niraparib to enhance H^O^-induced RAD51 foci. It also 
suppressed RAD51 foci levels induced by H^O^ alone 
suggesting that most DSBs induced by H^O^ alone are 

A. B. 
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Fig 5: Aphidicolin suppresses niraparib's ability to 
enhance H^O^-induced DSBs. A549 cells were treated or 
not with 1 ixmol/L of niraparib (MK) for 1 h prior to treatment 
with 200 |j,mol/L H,0, for 15 min. Samples were then incubated 
for 30 minutes after irradiation and analyzed for DSBs on 
the basis of y-H2AX (A) or RAD51 (B) foci as detected by 
immunofluorescence. Aphidicolin (2 |imol/L) was added to 
some samples before and after H,0, treatment to suppress 
the conversion of SSBs to DSBs during DNA replication. 1. 
Untreated control; 2. H,0, alone; 3. MK alone; 4. MK for 1 h 
prior to H^O^ and analyzed 30 min after treatment; 5. MK and 
aphidicolin for 1 h prior to H,0, and analyzed 30 min after H,0,; 
6. Aphidicolin for 1 h prior to H^O^ and analyzed 30 min after 
treatment. MK and aphidicolin were present during the post- 
HjOj incubations where indicated. C. Aphidicolin suppresses 
niraparib's sensitization of H,0, toxicity assessed using 
clonogenic survival. A549 cells were treated with 1 |j,mol/L of 
niraparib for 1 h prior to treatment with 100 |j,mol/L H,0, for 
15 min. Aphidicolin was added to some samples for a 1 h pre- 
treatment and for 30 minutes following H^O, treatment prior 
to plating for clonogenic survival. 1. H,0, alone; 2. H^O^plus 
aphidicolin; 3. MK for 1 h prior to H,0,; 4. MK and aphidicolin 
for 1 h prior to and 30 min after H,0,. The results shown 
represent the average of 3 or more independent determinations. 
Error bars represent the standard error * indicates p<0.05. 



also resulting from the conversion of SSBs to DSBs at 
stalled replication forks. We also tested whether niraparib 
sensitized H^O^'s cytotoxicity assessed on the basis of 
clonogenic survival. The results shown in Fig. 5C show 
that niraparib sensitizes A549 cells to the cytotoxic effects 
of a mild H^O^ treatment. Aphidicolin suppressed to some 
extent niraparib's sensitization but this effect did not reach 
statistical significance suggesting that H^O^ cytotoxicity is 
not completely mediated by conversion of SSBs to DSBs 
during DNA replication but may involve other aspects 
of SSB repair or toxic effects of H^O^ that don't involve 
DNA damage. 

DISCUSSION 

There is increasing interest in PARPi as therapeutic 
agents for the treatment of cancer [23]. Several such 
drugs have been developed in recent years and subjected 
to preclinical and clinical evaluation [30]. In this study, 
we investigated the radiosensitizing abilities of niraparib, 
a novel inhibitor of PARP-1/2. Niraparib may be an 
especially potent PARPi. In a side-by-side comparison 
with olaparib and veliparib, Murai et al. [31] showed 
that niraparib was the most potent of these inhibitors for 
trapping the PARP-DNA complexes that contribute to 
PARPi cytotoxicity. They fixrther reported that, based on 
this mechanism, niraparib displayed the most cytotoxicity 
to BRCA2-defective cells of the three PARPi tested. 

We focused our tests of niraparib on cell lines 
derived from three types of human tumors, i.e. NSCLC, 
breast and prostate, where radiotherapy typically plays a 
key role in the management of patients with these tumors 
and where improvements in radioresponse in these disease 
sites would be expected to provide clinical benefit. As 
shown in Figures 2 and 3 and summarized in Table 1 , four 
p53-defective human tumor cell lines and three tumor 
cell lines with wild-type p53 were all radiosensitized by 
niraparib. This comparison of p53-defective and p53 wild- 
type cell lines suggests that the radiosensitizing effect of 
niraparib is independent of their p53-status. 

Cell lines of normal tissue origin were not sensitized 
or sensitized to a lesser extent than were the tumor cell 
lines and this correlated with the lack of a cytotoxic effect 
of niraparib on these normal cells. As mentioned above, 
niraparib was mildly cytotoxic to all of the tumor cell 
lines reducing PE by about 20% whereas the normal cells 
did not display any toxic effects. This suggests that the 
DNA repair systems targeted by niraparib are not robustly 
expressed in the normal cells compared to tumor cells. 
Indeed, at least in the case of the lung lines, the nornial 
lung fibroblast line, CCD- 16, was more radiosensitive 
compared to the four NSCLC lines. The four NSCLC 
lines, when taken together, had an average SF2 of 0.69 
± 0.025 whereas the CCD- 16 line had an SF2 of 0.59 ± 
0.025 and this difference was statistically significant, 
p=.006. Gorgoullis et al. [32] reported that, in the case of 



www.impactjournals.com/oncotarget 



5081 



Oncotarget 



the human lung, precancerous lesions and NSCLC tumors 
display spontaneous DSBs compared to the normal lung 
tissue presumably due to oncogene-induced replicative 
stress suggesting that the DSB repair systems are already 
activated in tumor cells compared to nornial cells. The 
lack of radiosensitization of the normal cell lines by 
niraparib would be consistent with that hypothesis. 

Although the radiosensitizing effect of inhibiting 
PARP was first demonstrated more than 30 years ago, 
the resurgence of interest in PARPi for sensitizing tumor 
cells to radiation has been generated by the development 
of third-generation PAPRi over the past decade that may 
have clinical utility. Several of these newer PARPi have 
been previously examined for their radiosensitizing 
properties. Of these, ABT-888 (veliparib) has been tested 
to the greatest extent. Albert et al., showed that ABT-888 
reduced clonogenic survival in irradiated NSCLC cells 
consistent with an inhibition of radiation-induced DNA 
damage [26]. ABT-888's radiosensitizing effects have 
since been confirmed for other NSCLC lines as well as 
for prostate cancer cells, glioblastoma, cervical cancer 
cells and colorectal cancer cells [33-37]. Another PARPi, 
AZD2281 (olaparib), has been reported to increase 
the radiosensitivity of NSCLC cells consistent with an 
increased persistence of radiation-induced DSBs [24]. 
Two additional PARPi, E7016 [38] and INO-1001 [25], 
have both been shown to enhance the radiosensitivity of 
various cell lines. Finally, AG14361 has been shown to 
radiosensitize colorectal cancer cells [15] and, in a recent 
report, niraparib was shown to radiosensitize human 
neuroblastoma cells [39]. Additional reports illustrating 
the radiosensitizing effects of these and other PARPi have 
been recently reviewed [40]. 

Ionizing radiation induces various lesions in DNA 
including DSBs, base damage and SSBs [3]. DSBs are 
repaired by NHEJ and HRR [4, 6]. Base damage and 
SSBs are repaired by BER [5]. DSBs represent the lethal 
lesions induced by radiation because they are difficult 
to repair with fidelity whereas base damage and SSBs 
do not normally contribute to lethality due to the very 
efficient and accurate BER repair process [4]. However, 
SSBs can contribute to lethality if they are converted to 
DSBs through an inhibition of BER [40]. PARPi, through 
their ability to inhibit BER, cause some SSBs to be 
processed into DSBs when DNA replication encounters 
an unrepaired lesion [9, 41]. We observed that niraparib 
appeared to radiosensitize by prolonging the presence 
of DSBs in irradiated cells based on the detection of 
y-H2AX foci (Fig. 4A). However, this analysis could not 
distinguish between an inhibition of repair of DSBs by 
niraparib versus a conversion of SSBs to DSBs by the 
drug. Thus, in analogy with previous publications [29, 
42], we used aphidicolin to block DNA replication and 
tested whether this would affect the level of Y-H2AX foci 
produced by niraparib in irradiated cells. The results (Fig. 
4B) indicated that aphidicolin lowered DSBs in niraparib- 



treated cells to control levels seen with radiation alone 
suggesting that the additional DSBs induced by niraparib 
in irradiated cells were due to the conversion of SSBs to 
DSBs during S phase. 

We also observed that the kinetics of DSB 
prolongation by niraparib were different between the 
A549 and H1299 cells (Fig. 4A). This could be due to the 
different p53 status of these 2 cell lines; A549 cells having 
wild-type p53 and H1299 cells having null p53 status. As 
mentioned above, niraparib would be expected to primarily 
enhance DSBs repaired through the HRR pathway which 
has been shown to preferentially occur during late S/ 
G2 [43]. Cells with wild-type p53 have 2 independent 
mechanisms to accumulate irradiated cells in G2 phase 
thereby allowing additional time for repairing DSBs prior 
to entering mitosis whereas cells with defective p53 totally 
rely on activation of wee 1 kinase [44] . In a previous report 
from our laboratory [45], we showed that during the first 4 
h following irradiation, A549 cells accumulate in G2 more 
than twice as fast as HI 299 cells. Thus, the difference in 
kinetics of DSB prolongation seen between these 2 cell 
lines (Fig. 4A) may be due to this difference in the rate of 
progression through late S and into G2 phase, the portion 
of the cell cycle where niraparib would maximally exert 
its enhancement of DSBs. 

We conducted further experiments using H^O, to 
confirm that niraparib acts to convert SSBs to DSBs. 
Although HjOj can produce an occasional DSB due 
to closely spaced SSBs on opposite DNA strands, it 
essentially induces a relatively clean spectrum of SSBs 
when used at physiological concentrations [22]. The 
ratio of SSBs to DSBs has been estimated to be about 
18:1 for ionizing radiation and about 3200:1 for H^O^ 
[46]. HjOj alone induced some detectable Y-H2AX foci 
but niraparib enhanced the production of these as shown 
by our results (Fig. 5A). Apidicolin reversed this effect 
of niraparib similar to what was seen with radiation. 
In addition to using Y-H2AX foci to indicate the DSBs 
produced under these conditions, we also examined the 
presence of RAD5 1 foci in these studies using H^O^. It 
has been shown previously that the DSBs resulting from 
stalled replication forks are repaired by HRR and that 
RAD5 1 is a specific marker for lesions undergoing repair 
through this pathway [28, 29, 42]. This analysis confirmed 
that niraparib initiated DNA lesions in H^O^-treated cells 
subject to HRR but these were abrogated by aphidicolin 
(Fig. 5B). These findings with H^O^ further indicate that 
niraparib acts similar to previously investigated PARPi 
with regard to the mechanism of radiosensitization 
involving the conversion of SSBs to DSBs at stalled DNA 
replication forks. 

Many of the PARPi currently under evaluation have 
been shown previously to have preferential cytotoxic 
activity for tumor cells with mutated or non-flinctional 
BRCAl or BRCA2 [7, 23, 47-49]. In the original report of 
the discovery of niraparib, its preferential cytotoxic effect 
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for BRCAl defective cells was demonstrated using HeLa 
cells in which BRCAl had been silenced [27]. Here we 
validated that finding using the MDA-MB-436 cells which 
have mutated BRCAl. Niraparib had substantially greater 
cytotoxic effect on the MDA-MB-436 cells lowering 
plating efficiency by about 80% compared to the other 
cell lines used in our study where niraparib alone lowered 
plating efficiency by only about 20%. Also, MDA- 
MB-436 cells appeared to be slightly more radiosensitive 
than the MDA-MB-231 cells that have wild-type BRCAl 
and this is the expected result considering that BRCAl is 
an important component of HRR repair [2, 18]. The fact 
that MDA-MB-436 cells were radiosensitized by niraparib 
(Fig. 3) suggests that radiotherapy combined with PARPi 
such as niraparib has efficacy even for tumors with mutant 
BRCAl. 

Although the present report concerns the 
radiosensitizing effects of niraparib in vitro, niraparib 
has been previously tested by other members of our 
team for its ability to sensitize in vivo using xenografts 
made from four of the cell lines used in this report, A549, 
H460, MDA-MB-231 and Calu-6 [50]. They showed, 
using clinically relevant dose fractionation protocols, 
that niraparib potently enhanced radiation-induced tumor 
growth delay in all four of these xenograft models. 
Niraparib, as a single agent, was previously shown to have 
potent antitumor activity in xenograft tumors made from 
the BRCAl defective MDA-MB-436 cell line [27]. The 
results of the first phase I clinical trial of niraparib have 
been published recently showing that it is well tolerated 
and has antitumor activity in carriers of BRCA mutations 
and in patients with other cancers including NSCLC and 
prostate cancer [51]. The results of this trial and others 
have sparked a resurgence of interest in PARPi [52]. 

In conclusion, we have shown that the PARPi, 
niraparib, potently radiosensitizes human tumor cells 
derived from lung, breast and prostate cancers in a 
p53-independent manner The mechanism to explain 
this sensitization appears to involve the conversion of 
radiation-induced, sublethal SSBs into lethal DSBs 
through inhibition of BER. Coupled with the previously 
reported in vivo activity and results from the phase I 
clinical trial, the present findings support the continued 
clinical assessment of niraparib in combination with DNA 
damaging agents including radiation. 

IMATERIALS AND METHODS 



Cell cultures and reagents 

The human cell lines A549, H1299, Calu-6, H460, 
CCD-16, MDA-MB-231, MDA-MB-436, MCF-lOA 
and LnCaP were all obtained from the American Type 
Culture Collection (ATCC) and routinely maintained in 



RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS), 10,000 U/ML of penicillin-streptomycin, 
and 2 mmol/L-glutamine. The identities of these cell 
hues were validated during the course of this study by 
short tandem repeat (STR) profiling conducted by the 
institution's Characterized Cell Line Core using the 
AmpFlSTR Identifiler PCR amplification kit according 
to the manufacturer's instructions (Applied Biosystems). 
The STR profiles for these cell lines matched their known 
ATCC fingerprints. Niraparib was provided by Merck 
Sharp & Dohme Corp., and its chemical structure has been 
described previously [27]. 

Antibodies 

The antibody to RAD51 (R1528) was purchased 
from Sigma, and the antibody to y-H2AX (Serl39) clone 
JBW301 (05-636) antibody was purchased from Millipore. 

Clonogenic assay 

The effectiveness of the combination of niraparib 
and ionizing radiation was assessed by clonogenic assays. 
Briefly, cells growing in log phase were treated with 
1 (xmol/L niraparib 1 h prior to irradiation. Following 
irradiation, the cells were subjected to a 24-h post- 
irradiation treatment with 1 i^mol^L niraparib. The cells 
were then trypsinized and counted, and known numbers 
were seeded in 60-mm culture dishes in two sets of three 
for each dose of radiation. Sufficient numbers were seeded 
to ensure that about 30-100 macroscopic colonies would 
appear in each plate after 10-14 days. Colonies were 
stained with 0.5% gentian violet in methanol and counted. 
The plating efficiency (PE) for each dose was calculated 
by dividing the number of colonies by the number of 
cells plated and expressing the result as a percentage. The 
surviving fraction was calculated by dividing the PE of 
the treatment by the PE of the appropriate un-irradiated 
control. 

Immunofluorescence 

A549 or HI 299 cells were cultivated on coverslips 
placed in 35-mm dishes, irradiated with 2 Gy, and treated 
with 1 (imol/L niraparib as indicated. The medium was 
then aspirated, and the cells were rinsed briefly in PBS 
and then fixed with 2% paraformaldehyde for 15 min. 
Permeabilization was achieved by a 10-min incubation 
with 100% methanol at -20°C. After three 5-min rinses in 
PBS, the cells were incubated in blocking buffer (IX PBS, 
50 |iL/mL normal goat serum, and 0.3% Triton X-100) for 
1 h at room temperature. Next, the cells were incubated in 
y-H2AX (Millipore) or RAD51 (Sigma) primary antibody 
in antibody dilution buffer (IX PBS, 10 mg/mL bovine 
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serum albumin, 0.3% Triton X-100) overnight at 4°C with 
gentle shaking. After being washed with PBS, primary 
antibodies were visualized after a 2-h incubation with the 
appropriate Alexa Fluor-conjugated secondary antibody 
(goat anti-rabbit FITC or goat anti-mouse Alexa Fluor 
594) at a 1:500 dilution. Nuclei were counterstained with 
1:500 4'6-diamidino-2-phenylindole dihydrochloride 
(DAPI) in PBS, and the coverslips were mounted on 
slides with Vectashield (Vector Laboratories). Slides 
were examined using a Leica fluorescence microscope 
equipped with a CCD camera and images were imported 
into Advanced Spot Image software. To quantify y-H2AX 
or RAD51 foci, 50-100 nuclei were evaluated. 

PARP Assay 

The inhibition of PARP was analyzed in A549 and 
H1299 cells using the HT Universal Chemiluminescent 
PARP Assay Kit (Trevigen) according to the 
manufacturer's instructions. Briefly, cells were treated 
with DMSO or 1 (xmol/L niraparib for 15, 30, 60, or 120 
minutes, trypsinized, and transferred to a pre-chilled 
tube. The cells were washed twice with ice cold PBS 
and resuspended in cold PARP extraction buffer The 
cell suspensions were incubated on ice for 30 minutes 
with periodic vortexing to disrupt the cell membrane. 
The suspensions were centrifuged and the supernatant 
transferred to a pre-chilled tube on ice. The histone coated 
wells of the 96-well plate were rehydrated with IX PARP 
buffer and incubated at room temperature for 30 minutes. 
The PARP buffer was removed and 20 |a,g of protein as 
determined by the Bio-Rad Protein Assay was added to 
each well followed by diluted PARP-HSA enzyme and 
IX PARP buffer. The strip wells were then incubated 
at room temperature for 60 minutes, washed twice with 
PBS containing 0.1% Triton X-100, and then washed 
with PBS. Diluted Strep-HRP was added to the strip 
wells and incubated for 60 minutes at room temperature. 
The wells were washed again as before. Equal volumes 
of PeroxyGlow A and B were combined and added to 
the wells and chemiluminescent readings were obtained 
immediately using a plate-reader 

Statistical Analysis 

Statistical significance was assessed by t test (two 
sample assuming unequal variances) and expressed as 
mean ± standard error A difference was considered 
significant if p<0.05. 

ACKNOWLEDGMENTS 

We gratefully acknowledge the technical assistance 
of David Molkentine and Mayra Vasquez. STR DNA 
fingerprinting was done by the institution's Cancer Center 



Support Grant (NCI CA 16672) funded Characterized Cell 
Line Core. 

Grant Support 

Merck Sharp & Dohme Corporation and ROl 
CA168485. 

Disclosure of Potential Conflicts of Interest: 

CAB is an employee of GlaxoSmithKline. CT, TAB, 
KAB, HL, and REM received research support for this 
project from Merck Sharp and Dohme. 

REFERENCES 

1. Begg AC, Stewart FA and Vens C. Strategies to improve 
radiotherapy with targeted drugs. Nat Rev Cancer. 2011 ; 
ll(4):239-253. 

2. Lord CJ and Ashworth A. The DNA damage response and 
cancer therapy. Nature. 2012; 481(7381):287-294. 

3. Ward JF. DNA damage as the cause of ionizing radiation- 
induced gene activation. Radiat Res. 1994; 138(1 
Suppl):S85-88. 

4. Mladenov E, Magin S, Soni A and Iliakis G. DNA 
double-strand break repair as determinant of cellular 
radiosensitivity to killing and target in radiation therapy. 
Front Oncol. 2013; 3:113. 

5. Memisoglu A and Samson L. Base excision repair in yeast 
and mammals. Mutat Res. 2000; 451(l-2):39-51. 

6. Helleday T, Lo J, van Gent DC and Engelward BP. DNA 
double-strand break repair: from mechanistic understanding 
to cancer treatment. DNA Repair (Amst). 2007; 6(7):923- 
935. 

7. Rouleau M, Patel A, Hendzel MJ, Kaufmann SH and Poirier 
GG. PARP inhibition: PARPl and beyond. Nat Rev Cancer. 
2010; 10(4):293-301. 

8. Sandhu SK, Yap TA and de Bono JS. Poly(ADP-ribose) 
polymerase inhibitors in cancer treatment: a clinical 
perspective. Eur J Cancer. 2010; 46(l):9-20. 

9. Javle M and Curtin NJ. The role of PARP in DNA repair 
and its therapeutic exploitation. Br J Cancer. 2011; 
105(8):1114-1122. 

10. Lindahl T, Satoh MS, Poirier GG and Klungland A. Post- 
translational modification of poly(ADP-ribose) polymerase 
induced by DNA strand breaks. Trends Biochem Sci. 1995; 
20(10):405-411. 

1 1 . Schreiber V, Ame JC, DoUe P, Schultz I, Rinaldi B, Fraulob 
V, Menissier-de Murcia J and de Murcia G. Poly(ADP- 
ribose) polymerase-2 (PARP-2) is required for efficient 
base excision DNA repair in association with PARP-1 and 
XRCCl. J Biol Chem. 2002; 277(25):23028-23036. 

12. Woodhouse BC and Dianov GL. Poly ADP-ribose 



www.impactjournals.com/oncotarget 



5084 



Oncotarget 



polymerase- 1 : an international molecule of mystery. DNA 
Repair (Amst). 2008; 7(7):1077-1086. 

1 3 . El-Khamisy SF, Masutani M, Suzuki H and Caldecott KW. 
A requirement for PARP-1 for the assembly or stability of 
XRCCl nuclear foci at sites of oxidative DNA damage. 
Nucleic Acids Res. 2003; 31(19):5526-5533. 

14. Caldecott KW, Aoufouchi S, Johnson P and Shall S. 
XRCCl polypeptide interacts with DNA polymerase beta 
and possibly poly (ADP-ribose) polymerase, and DNA 
ligase III is a novel molecular 'nick-sensor' in vitro. Nucleic 
Acids Res. 1996; 24(22):4387-4394. 

15. Calabrese CR, Almassy R, Barton S, Batey MA, 
Calvert AH, Canan-Koch S, Durkacz BW, Hostomsky 
Z, Kumpf RA, Kyle S, Li J, Maegley K, Newell DR, 
Notarianni E, Stratford IJ, Skalitzky D, et al. Anticancer 
chemosensitization and radiosensitization by the novel 
poly(ADP-ribose) polymerase-1 inhibitor AG14361. J Natl 
Cancer Inst. 2004; 96(l):56-67. 

16. Donawho CK, Luo Y, Luo Y, Penning TD, Bauch JL, 
Bouska JJ, Bontcheva-Diaz VD, Cox BF, DeWeese TL, 
Dillehay LE, Ferguson DC, Ghoreishi-Haack NS, Grimm 
DR, Guan R, Han EK, HoUey-Shanks RR, et al. ABT-888, 
an orally active poly(ADP-ribose) polymerase inhibitor 
that potentiates DNA-damaging agents in preclinical tumor 
models. Clin Cancer Res. 2007; 13(9):2728-2737. 

17. Liu X, Shi Y, Guan R, Donawho C, Luo Y, Pakna J, Zhu 
GD, Johnson EF, Rodriguez LE, Ghoreishi-Haack N, Jarvis 
K, Hradil VP, Colon-Lopez M, Cox BF, Klinghofer V, 
Penning T, et al. Potentiation of temozolomide cytotoxicity 
by poly(ADP)ribose polymerase inhibitor ABT-888 
requires a conversion of single-stranded DNA damages 
to double-stranded DNA breaks. Mol Cancer Res. 2008; 
6(10):1621-1629. 

18. Leung M, Rosen D, Fields S, Cesano A and Budman DR. 
Poly(ADP-ribose) polymerase-1 inhibition: preclinical and 
clinical development of synthetic lethality. Mol Med. 201 1; 
17(7-8):854-862. 

19. Oleinick NL and Evans HH. Poly( ADP-ribose) and the 
response of cells to ionizing radiation. Radiat Res. 1985; 
101(l):29-46. 

20. Berger NA. Poly(ADP-ribose) in the cellular response to 
DNA damage. Radiat Res. 1985; 101(1):4-15. 

21. Zwelling LA, Kerrigan D and Pommier Y. Inhibitors 
of poly-(adenosine diphosphoribose) synthesis slow 
the resealing rate of x-ray-induced DNA strand breaks. 
Biochem Biophys Res Commun. 1982; 104(3):897-902. 

22. Cantoni O, Murray D and Meyn RE. Effect of 
3-aminobenzamide on DNA strand-break rejoining and 
cytotoxicity in CHO cells treated with hydrogen peroxide. 
Biochim Biophys Acta. 1986; 867(3): 135-143. 

23. Annunziata CM and O'Shaughnessy J. Poly (ADP-ribose) 
polymerase as a novel therapeutic target in cancer. Clin 
Cancer Res. 2010; 16(18):4517-4526. 

24. Senra JM, Telfer BA, Cherry KE, McCrudden CM, 



Hirst DG, O'Connor MJ, Wedge SR and Stratford I J. 
Inhibition of PARP-1 by olaparib (AZD2281) increases 
the radiosensitivity of a lung tumor xenograft. Mol Cancer 
Ther. 2011; 10(10):1949-1958. 

25. Brock WA, Milas L, Bergh S, Lo R, Szabo C and Mason 
KA. Radiosensitization of human and rodent cell lines 
by INO-1001, a novel inhibitor of poly( ADP-ribose) 
polymerase. Cancer Lett. 2004; 205(2):155-160. 

26. Albert JM, Cao C, Kim KW, Willey CD, Geng L, Xiao 
D, Wang H, Sandler A, Johnson DH, Colevas AD, Low J, 
Rothenberg ML and Lu B. Inhibition of poly (ADP-ribose) 
polymerase enhances cell death and improves tumor growth 
delay in irradiated lung cancer models. Clin Cancer Res. 
2007; 13(10):3033-3042. 

27. Jones P, Altamura S, Boueres J, Ferrigno F, Fonsi M, 
Giomini C, Lamartina S, Monteagudo E, Ontoria JM, Orsale 
MV, Palumbi MC, Pesci S, Roscilli G, Scarpelli R, Schultz- 
Fademrecht C, Toniatti C, et al. Discovery of 2-{4-[(3S)- 
piperidin-3-yl]phenyl} -2H-indazole-7-carboxamide (MK- 
4827): a novel oral poly(ADP-ribose)polymerase (PARP) 
inhibitor efficacious in BRCA-1 and -2 mutant tumors. J 
MedChem. 2009; 52(22):7170-7185. 

28. Bryant HE, Petermann E, Schultz N, Jemth AS, Loseva 
O, Issaeva N, Johansson F, Fernandez S, McGlynn P and 
Helleday T. PARP is activated at stalled forks to mediate 
Mrel 1 -dependent replication restart and recombination. 
EMBO J. 2009; 28(17):2601-2615. 

29. Harper JV, Anderson JA and O'Neill P. Radiation induced 
DNA DSBs: Contribution from stalled replication forks? 
DNA Repair (Amst). 2010; 9(8):907-913. 

30. Kling J. PARP inhibitors blaze a trail in difficult-to-treat 
cancers. Nat Biotechnol. 2009; 27(9):784-786. 

31. Murai J, Huang SY, Das BB, Renaud A, Zhang Y, 
Doroshow JH, Ji J, Takeda S and Pommier Y. Trapping of 
PARPl and PARP2 by Clinical PARP Inhibitors. Cancer 
Res. 2012; 72(21):5588-5599. 

32. Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos 
P, Kotsinas A, Liloglou T, Venere M, DituUio RA, Jr., 
Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn 
M, Kittas C and Halazonetis TD. Activation of the DNA 
damage checkpoint and genomic instability in human 
precancerous lesions. Nature. 2005; 434(7035):907-913. 

33. Liu SK, Coackley C, Krause M, Jalali F, Chan N and 
Bristow RG. A novel poly(ADP-ribose) polymerase 
inhibitor, ABT-888, radiosensitizes malignant human cell 
lines under hypoxia. Radiother Oncol. 2008; 88(2):258-268. 

34. Shelton JW, Waxweiler TV, Landry J, Gao H, Xu Y, 
Wang L, El-Rayes B and Shu HK. In vitro and in vivo 
enhancement of chemoradiation using the oral PARP 
inhibitor ABT-888 in colorectal cancer cells. Int J Radiat 
Oncol Biol Phys. 2013; 86(3):469-476. 

35. Barazzuol L, Jena R, Burnet NG, Meira LB, Jeynes JC, 
Kirkby KJ and Kirkby NF. Evaluation of poly (ADP-ribose) 
polymerase inhibitor ABT-888 combined with radiotherapy 



www.impactjournals.com/oncotarget 



5085 



Oncotarget 



and temozolomide in glioblastoma. Radiat Oncol. 2013; 
8:65. 

36. Shunkwiler L, Ferris G and Kunos C. Inhibition 
of Poly(ADP-Ribose) Polymerase Enhances 
Radiochemosensitivity in Cancers Proficient in DNA 
Double-Strand Break Repair. Int J Mol Sci. 2013; 
14(2):3773-3785. 

37. Barreto-Andrade JC, Efimova EV, Mauceri HJ, Beckett 
MA, Sutton HG, Darga TE, Yokes EE, Posner MC, Kron 
SJ and Weichselbaum RR. Response of human prostate 
cancer cells and tumors to combining PARP inhibition with 
ionizing radiation. Mol Cancer Ther. 2011; 10(7):1185- 
1193. 

38. Russo AL, Kwon HC, Burgan WE, Carter D, Beam 
K, Weizheng X, Zhang J, Slusher BS, Chakravarti A, 
Tofilon PJ and Camphausen K. In vitro and in vivo 
radiosensitization of glioblastoma cells by the poly (ADP- 
ribose) polymerase inhibitor E7016. Clin Cancer Res. 2009; 
15(2):607-612. 

39. Mueller S, Bhargava S, Molinaro AM, Yang X, Kolkowitz 
I, Glow A, Wehmeijer N, Orbach S, Chen J, Matthay KK 
and Haas-Kogan DA. Poly (ADP-Ribose) polymerase 
inhibitor MK-4827 together with radiation as a novel 
therapy for metastatic neuroblastoma. Anticancer Res. 
2013; 33(3):755-762. 

40. Powell C, Mikropoulos C, Kaye SB, Nutting CM, Bhide 
SA, Newbold K and Harrington KJ. Pre-clinical and 
clinical evaluation of PARP inhibitors as tumour- specific 
radiosensitisers. Cancer Treat Rev. 2010; 36(7):566-575. 

41. Godon C, Cordelieres FP, Biard D, Giocanti N, Megnin- 
Chanet F, Hall J and Favaudon V. PARP inhibition versus 
PARP-1 silencing: different outcomes in terms of single- 
strand break repair and radiation susceptibility. Nucleic 
Acids Res. 2008; 36(13):4454-4464. 

42. Dungey FA, Loser DA and Chalmers AJ. Replication- 
dependent radiosensitization of human glioma cells by 
inhibition of poly(ADP-Ribose) polymerase: mechanisms 
and therapeutic potential. Int J Radiat Oncol Biol Phys. 
2008; 72(4): 1188-1 197. 

43. Rothkamm K, Kruger I, Thompson LH and Lobrich M. 
Pathways of DNA double-strand break repair during the 
mammalian cell cycle. Mol Cell Biol. 2003; 23(16):5706- 
5715. 

44. Taylor WR and Stark GR. Regulation of the G2/M 
transition by p53. Oncogene. 2001; 20(15):1803-1815. 

45. Bridges KA, Hirai H, Buser CA, Brooks C, Liu H, Buchholz 
TA, Molkentine JM, Mason KA and Meyn RE. MK-1775, a 
novel Weel kinase inhibitor, radiosensitizes p53-defective 
human tumor cells. Clin Cancer Res. 2011; 17(17):5638- 
5648. 

46. Olive PL and Johnston PJ. DNA damage from oxidants: 
influence of lesion complexity and chromatin organization. 
Oncol Res. 1997; 9(6-7):287-294. 

47. Rottenberg S, Jaspers JE, Kersbergen A, van der Burg 



E, Nygren AO, Zander SA, Derksen PW, de Bruin M, 
Zevenhoven J, Lau A, Boulter R, Cranston A, O'Connor 
MJ, Martin NM, Borst P and Jonkers J. High sensitivity of 
BRCAl -deficient mammary tumors to the PARP inhibitor 
AZD228 1 alone and in combination with platinum drugs. 
Proc Natl Acad Sci USA. 2008; 105(44): 17079-17084. 

48. Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui- 
Roelvink M, Mortimer P, Swaisland H, Lau A, O'Connor 
MJ, Ashworth A, Carmichael J, Kaye SB, Schellens JH and 
de Bono JS. Inhibition of poly(ADP-ribose) polymerase in 
tumors from BRCA mutation carriers. N Engl J Med. 2009; 
361(2):123-134. 

49. Drew Y, Mulligan EA, Vong WT, Thomas HD, Kahn S, 
Kyle S, Mukhopadhyay A, Los G, Hostomsky Z, Plummer 
ER, Edmondson RJ and Curtin NJ. Therapeutic potential 
of poly(ADP-ribose) polymerase inhibitor AGO 14699 in 
human cancers with mutated or methylated BRCAl or 
BRCA2. J Nad Cancer Inst. 201 1; 103(4):334-346. 

50. Wang L, Mason KA, Ang KK, Buchholz T, Valdecanas D, 
Mathur A, Buser-Doepner C, Toniatti C and Milas L. MK- 
4827, a PARP-1/-2 inhibitor, strongly enhances response of 
human lung and breast cancer xenografts to radiation. Invest 
New Drugs. 2012; 30(6):21 13-2120. 

5 1 . Sandhu SK, Schelman WR, Wilding G, Moreno V, Baird 
RD, Miranda S, Hylands L, Riisnaes R, Forster M, Omlin A, 
Kreischer N, Thway K, Gevensleben H, Sun L, Loughney 
J, Chatterjee M, et al. The poly(ADP-ribose) polymerase 
inhibitor niraparib (MK4827) in BRCA mutation carriers 
and patients with sporadic cancer: a phase 1 dose-escalation 
trial. Lancet Oncol. 2013; 14(9):882-892. 

52. Garber K. PARP inhibitors bounce back. Nat Rev Drug 
Discov. 2013; 12(10):725-727. 



www.impactjournals.com/oncotarget 



5086 



Oncotarget 



